While the mechanism of editing has been described, the biological significance of editing is unclear. Genetic The ionotropic glutamate receptor subunit GluR6 unalteration of the codon for Q to R at the GluR5 Q/R site dergoes developmentally and regionally regulated Q/R revealed no obvious effects on kainate-induced seizures site RNA editing that reduces the calcium permeability . This with unedited GluR6 subunits can mediate LTP. Behavdemonstrates that GluR2 editing is critical for survival. ioral analyses revealed no differences from wild types, However, since GluR2 appears to be fully edited but mutant mice were more vulnerable to kainatethroughout development in rodents, it is unclear as to induced seizures. Together, these results suggest that why editing evolved instead of a codon for R at the GluR6 Q/R site RNA editing may modulate synaptic GluR2 Q/R site. Indeed, eliminating the requirement for plasticity and seizure vulnerability.
deficient in GluR6 Q/R site editing. We report that unedited GluR6 subunits can mediate synaptic plasticity and that GluR6 editing in wild-type mice inhibits this mechanism of plasticity and reduces seizure susceptibility. The data provide evidence for a critical biological role of kainate receptor editing.
Results

Generation of Mutant Mice
Our aim was to eliminate GluR6 Q/R site editing in mice in order to investigate the role of GluR6 editing in vivo. In previous in vitro studies, GluR6 Q/R site editing was shown to depend on an ECS located in the intron between the exon encoding M2 and the exon encoding M3 of the GluR6 gene (Herb et al., 1996) . Therefore, we used gene-targeting strategies to delete the ECS from the GluR6 gene in order to reduce GluR6 Q/R site editing in mice ( of GluR6 Q/R site editing. This is consistent with the GluR6 mRNA expression was not reduced in mutant mice ( Figure 4A ; ECS⌬ mutant:wild-type ϭ 0.9 Ϯ 0.1, dependence of RNA editing on intron sequences.
Three assays were performed to confirm that the ECS n ϭ 2). Second, in situ hybridization analysis indicated that GluR6 RNA expression patterns were not altered deletion did not affect the levels or patterns of GluR6 expression. First, in an RNase protection assay, the in mutant mouse brains ( Figure 4B ). Third, immunoblot If the template was edited, (CIG) however, synthesis continued to the next A, resulting in a 24-mer product. The ratio between the intensity of the shorter 21-mer and the longer 24-mer represents the ratio of unedited to edited mRNA. Percent editing was determined for hippocampal mRNA at the GluR6 Q/R site, the GluR5 Q/R site (ECS⌬ mutant, 54.3% Ϯ 1.17%; wild-type, 50.4% Ϯ 1.4%; n ϭ 3), the GluR6 Y/C site (ECS⌬ mutant, 43% Ϯ 1.9%; heterozygous, 42.9% Ϯ 3.1%; wild-type, 50.2% Ϯ 1.97%; n ϭ 3), and the GluR6 I/V site (ECS⌬ mutant, 52.4% Ϯ 4.23%; heterozygous, 51.9% Ϯ 0.77%; wild-type, 63.4% Ϯ 1.28; n ϭ 3), or in whole-brain mRNA at the GluR5 Q/R site (ECS⌬ mutant, 56.4% Ϯ 4.0%; wild-type, 61.9% Ϯ 0.5%; n ϭ 3; data not shown). As expected, the Q/R site in the GluR6 genomic DNA was completely unedited (Figure 2A ). This editing assay has been previously described (Schiffer and Heinemann, 1999).
analysis ( Figure 4C ) demonstrated that GluR6 protein ogous expression systems (Bowie and Mayer, 1995; Kamboj et al., 1995) . We investigated whether current/ expression is unchanged in the mutant mice. Additional RNase protection assays indicated that the expression voltage relationships were also changed in neurons cultured from the hippocampus of the mutant mice. All levels of GluR5 (ECS⌬ mutant:wild-type ϭ 1.0 Ϯ 0.2, n ϭ 2) or GluR2 (ECS⌬ mutant:wild-type ϭ 0.9 Ϯ 0.1, seven neurons analyzed from two GluR6 ECS⌬ mutant mice showed rectifying kainate receptor responses, ren ϭ 2) that can affect calcium permeability of kainate or AMPA receptors, respectively, also remained unaltered corded in the presence of GYKI 53655 and AP-V, to block AMPA receptors and NMDA receptors, respec-( Figure 4A ). tively ( Figure 5A ). This is consistent with responses expected from kainate receptors containing unedited subGluR6 Q/R Site Editing Determines Properties of Kainate Receptors units. By contrast, out of 12 neurons from two wild-type mice, 11 showed linear kainate receptor current/voltage Editing at the GluR6 Q/R site determines the electrophysiological properties of kainate receptors in heterolcharacteristics ( Figure 5C ), and one showed a rectifying The time to the first seizure showed no significant differand its effects on receptor properties, synaptic function, and seizure susceptibility. ence between groups. Since GluR6 Q/R site editing is ‫,%5.67ف‬ 37.0%, and 4.4% in wild-types, heterozygotes,
In our experiments, deletion of the intronic ECS from the GluR6 gene resulted in a 95% reduction in GluR6 and mutant mice, respectively (see Figure 2B) , the vulnerability to kainate-induced seizures is inversely corre-Q/R site editing. Apart from altered GluR6 editing, no other changes in gene expression or RNA editing were lated with the extent of GluR6Q/R site editing in mice (33%, 83%, and 100%, respectively; Figure 7) . observed that might affect I/V relations, calcium perme-must also require the GluR6 ECS. The ‫%5ف‬ residual editing of GluR6 transcripts observed in the mutant mice suggests a minor mechanism of ECS-independent editing may also occur. There was no observed change in GluR6 RNA or protein levels in GluR6 ECS⌬ mutant mice. By contrast, GluR2 editing-deficient mice showed reduced GluR2 protein expression due to reduced splicing (Brusa et al.,  1995) . In those mice, the loxP sequence was inserted in close proximity to the edited exon, where the GluR2 ECS is located. It is not clear if editing and splicing mechanisms are independently affected by this loxP site or if the mechanisms are linked as has been suggested (Seeburg, 2000) . However, the deleted intronic GluR6 ECS is distant from the edited exon, and the loxP site, which replaced it in GluR6 ECS⌬ mutant mice, did not appear to affect GluR6 gene expression in our studies. This suggests that the GluR6 ECS is important for editing but not normal GluR6 gene expression.
Comparison of kainate receptor responses in hippocampal neurons from the GluR6 ECS⌬ mutant and wildtype mice revealed that reduced GluR6 Q/R site editing results in increased calcium permeability and altered I/V relations. We found that expression and editing at other sites in GluR2, GluR5, or GluR6, which could affect the calcium permeability of glutamate receptors, were normal in the mutant mice. Our data therefore support the notion that regulation of editing at the GluR6 Q/R site alone can determine the calcium permeability and current/voltage characteristics of neuronal kainate recep- pathway. We also demonstrated that calcium-permeable kainate receptors can mediate LTP, although it is unclear from our data if it involves a pre-or postsynaptic ability, or channel conductance of glutamate receptors.
mechanism. This demonstrates that, although editing of the I/V and A number of investigators have proposed that de-Y/C sites in GluR6 and the Q/R sites in GluR5 and GluR2
creased GluR6 Q/R site editing may increase seizure requires ADAR2 (Higuchi et al., 2000) show increased susceptibility to seizures induction, indicating that GluR6 editing modifies seizure vulnerability mediate LTP at some synapses in wild-type adult mice. This might not be readily detected in field recordings in but not onset. We have compared wild-type mice, which undergo the dentate gyrus, since field recordings measure the summed responses of large populations of neurons, extensive GluR6 Q/R site editing in the adult, with GluR6 Q/R site editing-deficient mice. We conclude that the which would be dominated by the 85% edited GluR6 RNA in the adult dentate gyrus. However, in general, switch from unedited to edited GluR6 in wild-type mice results in altered kainate receptor characteristics and since ECS⌬ mutant mice but not adult wild-type mice show kainate receptor-dependent plasticity at the syninhibition of kainate receptor-mediated plasticity. This suggests a unique biological role for editing in modulatapse we studied, one effect of the developmental switch from unedited to mostly edited GluR6 could be to inhibit ing kainate receptor properties and synaptic plasticity during development and in the adult central nervous kainate receptor-mediated LTP at most synapses in adult wild-type mice.
system. GluR6-editing mutant mice have increased vulnerability to kainate-induced seizures, suggesting that Apart from the present study, only one other specific A to I editing site has been knocked out in an organism the developmental onset of GluR6 Q/R site editing may 
